ABSTRACT. Fire-prone landscapes are not well studied as coupled human and natural systems (CHANS) and present many challenges for understanding and promoting adaptive behaviors and institutions. Here, we explore how heterogeneity, feedbacks, and external drivers in this type of natural hazard system can lead to complexity and can limit the development of more adaptive approaches to policy and management. Institutions and social networks can counter these limitations and promote adaptation. We also develop a conceptual model that includes a robust characterization of social subsystems for a fire-prone landscape in Oregon and describe how we are building an agent-based model to promote understanding of this social-ecological system. Our agent-based model, which incorporates existing ecological models of vegetation and fire and is based on empirical studies of landowner decision-making, will be used to explore alternative management and fire scenarios with land managers and various public entities. We expect that the development of CHANS frameworks and the application of a simulation model in a collaborative setting will facilitate the development of more effective policies and practices for fire-prone landscapes.
INTRODUCTION
Coupled human and natural systems (CHANS) or socialecological systems in fire-prone landscapes are characterized by complex interactions between fire-dependent natural systems and nearby rural and urban human communities in which wildfire is viewed as undesirable. Fire-prone landscapes are globally widespread and produce a number of valuable ecosystem services, including wood fiber, fuel, recreation, regulation of carbon emissions, and biodiversity (Noss et al. 2006 , Bowman et al. 2009 ). In many parts of the world, such landscapes are often incompletely characterized as the wildland-urban interface (WUI), a narrow transition zone between unpopulated fireadapted landscapes and populated areas that have elevated risk levels for loss of homes and lives to wildfire. However, the spatial extent of ecological and socioeconomic dynamics of fire-prone landscapes is broader than just the WUI, encompassing the full extent of wildlands in which the WUI is embedded (Pyne 2008) .
Fire-prone landscapes exhibit many of the fundamental characteristics of CHANS (Liu et al. 2007 ). Central among these are complexity and feedbacks, which may be lagged in time and space, and policies that can have unintended consequences or surprises (e.g., effects of wildfire suppression policies of the 20th century; Chapin et al. 2003) . Complexity can be defined in different ways; we define it as aggregate complexity, the diverse set of subsystems whose interactions give rise to multiple equilibria, unpredictability, and contingency effects (Manson 2001 , Pickett et al. 2005 . Social-ecological feedbacks are particularly important drivers of complexity and sustainability of ecosystem services associated with CHANS. For example, actions intended to reduce short-term risk (e.g., fire suppression) can produce positive feedbacks that lead to elevated longer-term risk of loss to high-severity wildfire. This and other maladaptive responses to fire-prone ecosystems have catalyzed destabilizing (positive) feedbacks (Pyne 2010 , Lindenmayer et al. 2011 , Perry et al. 2012 . However, learning and adaptation, mediated by institutions, can generate stabilizing feedbacks (e.g., Lambin et al. 2001) . Fire-prone landscapes also are a type of natural hazard system in which concepts of risk and risk management apply but have received little attention in the CHANS literature (McCaffery 2004 , but see Turner et al. 2003) .
Here, we develop a conceptual framework for understanding and studying fire-prone landscapes as CHANS and illustrate it with an example from a landscape in central and south-central Oregon. Although conceptual frameworks for social-ecological dimensions of fire-prone ecosystems have been outlined through global-scale and historical studies (Bowman et al. 2011 , O'Connor et al. 2011 ), we are not aware of characterizations of contemporary fire-prone landscapes using a CHANS approach that includes a robust treatment of the social subsystems. Such conceptual models are an important first step in identifying information gaps and in building simulation models to explore system behaviors at landscape scales. Landscape models that link vegetation dynamics, management activity, climate, and fire behavior have been developed (O'Connor et al. 2011) , but more fully developed conceptual and simulation models that take into account human decision-making and feedbacks from the landscape to the human system are less common (but see Millington et al. 2008) . Our first objective is to identify some major challenges for human adaptation in fire-prone landscapes through the lens of CHANS. Our second objective is to use a landscape in Oregon to identify the components and interactions that must be characterized in the development of conceptual and simulation models of these social-ecological systems. http://www.ecologyandsociety.org/vol19/iss3/art9/ to apply in real-world policy and management settings. The integration of ecological and social sciences is central to developing a mature science of CHANS; however, integration has often been lacking (Jacobson and Duff 1998, Scoones 1999) . We attempt to take a balanced view, which requires more attention to social sciences than is typical of fire-prone landscape studies.
One of the main reasons to develop more comprehensive models of fire-prone CHANS or social-ecological systems is to improve social-ecological resilience and adaptation strategies. History has shown that fire policies can result in surprises and maladaptive behaviors (e.g., fire suppression effects). We assume that a better understanding of fire-prone landscapes through integration of ecological and social sciences will reduce the likelihood of surprises, improve understanding of system behavior and interactions, and lead to more effective policies and practices.
We next outline three major challenges to adaptation and better policies that lie at the heart of these social-ecological systems. These challenges are not all-encompassing, but do correspond to three major characteristics that are common to all CHANS: heterogeneity, feedbacks, and scale effects (Pickett et al. 2005 , Liu et al. 2007 ). They are also closely related to other CHANS concepts, including nonlinear dynamics with thresholds, time lags, resilience, and surprises. We then discuss how social landscapes, i.e., heterogeneous interacting networks of institutions and people, can promote adaptive policies and behaviors.
Heterogeneity and system complexity: a collision of worlds
The first major challenge in understanding and promoting adaptation in fire-prone landscapes arises from the juxtaposition of a natural system that is dependent on episodic destruction and regrowth of biomass and local plant and animal populations, and a human system with a preference for stability of structures, predictability of socioeconomic dynamics, and protection of human life. Although this challenge is common to any CHANS that is subject to natural hazards such as flooding or earthquakes, fire-prone landscapes have some distinctive features. For example, whereas human activity can have bearing on the effects of many climate or geological hazards, in the case of fire-prone landscapes, human activity such as vegetation management, wildfire suppression, and fire ignition can have direct and indirect effects on the frequency and severity of the hazard itself (O'Connor et al. 2011) . A fundamental characteristic of fire-prone landscapes, i.e., their wildness, both contributes to making them prone to wildfire and is also part of their strong appeal to humans, who potentially place themselves at risk by living in them. The juxtaposition of natural and human subsystems leads to significant complexity as a result of diverse human objectives, behaviors, and policies pertaining to the management of these landscapes.
In the wildland part of fire-prone landscapes, efforts to sustain species and ecosystems are based on maintaining fire regimes and processes . Many plants, animals, and ecological processes (e.g., site productivity and nutrient cycling) are dependent on specific fire regimes characterized by the severities, sizes, timing, and locations of fire. However, the wildland part of the fire-prone landscape is often not free of human influences. Human activities have had a variety of influences (McWethy et al. 2013 ) on fire-prone ecosystems. For example, grazing and wildfire suppression have excluded fire from many fire-prone landscapes in the 20th century, changing successional pathways and habitats for processes and species that depend on fire (Keane et al. 2002 , Hessburg and Agee 2003 , Marlon et al. 2012 . Wildfire suppression activities of the past may now be contributing to an increase in area and intensity of fires in some vegetation types as a result of fuel accumulations and changes in climate (Miller et al. 2009 ). However, this feedback does not operate in all forest types (Schoennagel et al. 2004) , making it important that we understand how social-ecological interactions vary across regions and landscapes. We do know that fire is increasing again in regions such as the western United States (Westerling et al. 2006 ) and southeastern Australia , with a variety of ecological consequences, including loss of key habitats (e.g., large old trees and dense old-growth forests that can support endangered species such as the northern spotted owl [Strix occidentalis caurina]) and degradation of water quality. Wildfire also has restored fire-dependent wildlife communities and created habitat diversity (Keane and Karau 2010) . The use by the media of terms such as "catastrophic" to describe wildfires can color social perception of fire outcomes, despite most wildfires having a mix of both desirable and undesirable ecological effects (Keane et al. 2008) . In other more productive ecosystems, where fire is less frequent and more climate limited than fuel limited, fire suppression activities and fuel treatments may not have had much effect on fire behavior (Littel et al. 2009 , McWethy et al. 2013 ).
The variable and temporally lagged effects of wildfire are a major challenge for land management agencies that seek to manage vegetation, fire, and risk to meet multiple objectives. On the human side, the role and view of wildfire can be quite different. Stability and sustained growth of human communities tends to be a desired condition. Disturbances that destroy property and valued natural resources are generally not considered positive factors that promote stability and sustainable social-ecological systems. However, although natural disasters can have a negative effect on physical capital, they can positively influence human capital and overall economic productivity at the scale of countries (Skidmore and Toya 2002) . The response of human communities to the occurrence of, or potential for, disturbance events relates to the concepts of resilience and vulnerability in the human system.
Although resilience has been defined as the ability or capacity of natural communities or ecosystems to be maintained, recover, or adapt to disturbance, there are differences in how these concepts are operationalized in natural and human systems (Adger 2000) . Typically, ecologists view resilience in natural systems as maintenance of native species, communities, ecosystem processes, and disturbance regimes within some desirable range (not necessarily historical). Natural systems that shift toward nonnative species or undergo major changes in disturbance regimes are typically not considered ecologically resilient. In general, ecosystems have a strong capacity for adaptation through community change and natural selection, but natural processes might be slower than in human systems and might not keep up with rapidly changing conditions (Folke 2006) . Just as ecologists have argued that resilience depends on diversity in ecological conditions and processes, social scientists posit that a diversity of knowledge, skills, and institutions can help human http://www.ecologyandsociety.org/vol19/iss3/art9/ communities recover from and adapt to environmental change (Adger 2000 , 2003 , Janssen et al. 2006 . Moreover, the existence of integrating features of social organization such as norms and networks that enable people to learn, store knowledge and experiences, and engage in creative, flexible decision-making and problem-solving is important to society's ability to respond to problems and recover from disturbances (Adger 2000, Pelling and High 2005) . For example, in the WUI, using fire-resistant structures and rebuilding after loss to wildfire can reflect adaptive capacity. At a broader level, community or demographic change may be viewed as a measure of resilience as human communities adapt to new economic and social environments. In-migration of urban people and recreationists into areas with resource extraction-based economies and communities can be seen as an example of how human communities adapt to new economic realities and how diversification of economies can sustain human communities in the face of change. However, questions remain about how the new communities relate to the forest and whether shifts from commodity-based forest economies to recreationbased economies, or some other economy, result in more or less sustainable fire-prone landscapes (Abrams et al. 2012 ).
Feedbacks in a complex learning environment
A second major challenge to understanding, modeling, and developing adaptive behaviors in fire-prone landscapes is feedback between natural and human systems. First-order effects of human activities on fire behavior, including fuel treatments, grazing, and fire suppression, are relatively well known (Hessburg and Agee 2003, Agee and Skinner 2005) . Less well known is how human decision-makers, including institutions and landowners, respond to ongoing changes in natural systems, including fire hazard (e.g., high fuel loads), fire occurrence, fire effects (gains or losses), and effects of fire exclusion. Conceptually, individuals and entities on the landscape make decisions that reflect the values they place on the rewards (or utility) they receive from specific actions. For example, responses to wildfire experiences can be quite variable within a community and affect subsequent mitigation decisions (McGee et al. 2009, Eriksen and Prior 2011) . Forest owners who live on their land are more likely to reduce hazardous fuels than are absentee owners (Fischer 2011) . Individuals or companies harvesting timber can receive a reward of revenue from the timber sale (e.g., Joshi and Arano 2009). Conversely, a homeowner owning a forested parcel for its amenity values receives a reward of an attractive view from not harvesting timber or reducing fire hazard (e.g., Nelson et al. 2005) . For government entities, the values placed on specific rewards (e.g., revenue from timber harvest, avoiding damage from fire to private property) can be specified in policies established by legislators and administrators. For private companies, the values of rewards may be specified by a board or by company owners; individual landowners determine their own values placed on rewards. Complexity is created as variability in experience and completed actions yields secondary responses in the landscape and creates other feedbacks. Those feedbacks, along with uncertainties related to both outcomes and other decision-making factors, can lead to surprises or cumulative effects that are hard to see until some threshold is crossed.
For any given location in a fire-prone landscape, damaging wildfire typically is a rare event. For example, in many fire-prone forest landscapes, high-severity wildfire may only occur at a given location on average once every 20-100 years. Most people living or recreating in such landscapes will never personally experience loss or threat from wildfire events that have general annual point probabilities of ≤ 0.05. Hence, for most actions that people might take to mitigate wildfire risk, such as modifying building materials or vegetative fuels, there may be no opportunity to learn how well specific actions worked. Thus, "the safety benefits of fuel reduction are realized only when a wildfire actually comes, so rewards will be few and lapses rarely punished" (Daniel 2008:115) . Often called the "wildfire mitigation paradox" in wildfire risk literature (Steelman and Burke 2007) , the problem is exacerbated by temporal lags between human actions and the response of nature. Another problem is that fuel treatment actions and fire suppression do not always reduce fire behavior. The effectiveness of human actions also depends on forest type, time since treatment, and weather (Schoennagel et al. 2004) .
If the spatial and temporal scales of the social and ecological systems do not correspond, learning will be difficult (Cumming et al. 2006 ). Similar to other rural places, human systems in the fire-prone landscapes of the western United States are undergoing demographic and socioeconomic changes. Those underlying changes lead to landscapes with a mix of lifetime and new residents. Mixed tenures in fire-prone landscapes mean that individual residents will have had different opportunities to observe and learn from wildfire experiences. Berkes (2007) reports that social memory can extend at least 20 years in natural hazard systems, but if disturbance intervals are longer and if turnover times of people are shorter, then learning will be difficult. Indeed, longer tenure in an area increases awareness among residents of wildfire and potential effects on human and natural communities (e.g., Gordon et al. 2010 , Kyle et al. 2010 , and absentee owners are less likely to reduce hazardous fuels than those who reside on or near their land (Fischer 2011) . Patterns of differing tenures within fire-prone landscapes can be traced to different types of human communities. Resource-extraction communities (those depending on timber production, grazing, or agriculture) are likely composed mostly of residents with lifetime local-area tenures. Communities experiencing amenity-migration will likely have a more diverse mix of short-and long-tenure residents and might be dominated by those with relatively short local-area tenures (Winkler et al. 2007 ) who are there for privacy and might be less willing to cooperate with neighbors on hazardous fuel reduction projects (Fischer and Charnley 2012) .
Even when there is good knowledge of how human actions influence resource conditions or feedbacks change personal vulnerability, residents may still make decisions that might be considered as undesirable by resource managers and emergency personnel. Such behavior can result from sheer ignorance of potential adverse outcomes, but it also can result from residents making reasoned trade-offs regarding the expected benefits and costs of actions. For example, clearing vegetation to reduce vulnerability to wildfire may incur costs associated with fuel treatment as well as reduced aesthetics and loss of privacy from screening vegetation, which may be perceived by the landowner as outweighing any expected benefits in the form of reduced wildfire vulnerability (e.g., Nelson et al. 2004 , BrenkertSmith et al. 2006 . In some cases, residents may believe that treating vegetation produces no benefit in reducing vulnerability to wildfire (e.g., Winter and Fried 2000, Brenkert-Smith et al. http://www.ecologyandsociety.org/vol19/iss3/art9/ 2006). In some locations, homeowner insurance policies may aid residents in weighing such trade-offs if, for example, a policy requires certain wildfire risk mitigation actions on the part of the homeowner. Alternatively, in the absence of any requirement regarding mitigation action, homeowners might feel reasonably safe as long as their policy covers losses to wildfire.
External drivers
The third challenge consists of dealing with the effects of biophysical and socioeconomic drivers that are external to the focal landscapes. For example, climate and weather have strong influences over fire regimes and fire behavior (Littell et al. 2010) . In many ecosystems, climate change will increase fire frequency by extending the fire season, although the impacts of climate change are variable and uncertain (Westerling et al. 2006 , Littell et al. 2010 ). Fire managers may be able to control wildfire under certain weather conditions, especially where fuel treatments have been conducted or where fuels are naturally limited, but when conditions become less predictable or more extreme, wildfires can be impossible to control and can override effects of topography and fuel treatments (Thompson and Spies 2009, Moritz et al. 2012 ).
Also at play are external, dynamic socioeconomic factors and processes that influence human behavior in fire-prone landscapes. Many such landscapes are a mixture of resource lands supporting a variety of traditional rural land uses as well as newer residential development. Such an arrangement can have implications for ecological conditions, as well as the interactions between the human and natural systems, as external drivers change demands for traditional rural production. For example, demands for forest and agricultural products are strongly influenced by national and international markets (e.g., Dmitri et al. 2005 , Ince et al. 2011 . Additionally, new technologies and emerging scarcities regarding renewable electricity and bioenergy can present new opportunities to forest and agricultural landowners (White et al. 2013 ) and might help to increase the feasibility of some restoration treatments (e.g., White 2010). Finally, many of the costs of production (e.g., fuel and equipment costs) and regulatory requirements facing the timber and agriculture sectors are determined largely by factors external to the focal system. External demographic changes and economic growth, which can interact with internal socioeconomic and ecological conditions, also can fundamentally alter how land is used within fire-prone landscapes. For example, demand for residential development is dependent on population increases, changes in incomes, preferences for housing, and the number of people per household (White et al. 2009 ). In addition to increasing the number of residents within the fire-prone landscape, increased demand for housing can significantly drive up the price of rural land (Alig and White 2007) , which can act as a powerful incentive for remaining rural landowners to convert additional forest and agricultural lands to housing.
Finally, national and state policies on fire, timber production, restoration activities, development, insurance, etc. also have strong effects on what managers and landowners can do, how success is measured, and the process for learning and change. For example, the national-scale policies of wildfire suppression during the 20th and 21st centuries have contributed to increased fire hazard in many forests, where fuel loads were relatively low under pre-Euro-American fire regimes. In addition, the U.S. national policy of emphasizing fuel treatments in and around the WUI may draw resources from fire-prone landscape restoration in the wildlands and give homeowners who live in fire-prone forests a false sense of security (Pyne 2010) .
Potential role of social networks
Institutions and social networks can counter the conditions that limit learning, adaptability, and unintended consequences by increasing social memory and promoting communication and actions to improve adaptation and resilience. Community resilience incorporates social concepts, including knowledge, values, social networks, people-place relationships, and others, with agency and self-organizing tendencies (Berkes and Ross 2013) . Despite, or because of, the difficult challenges to developing adaptive social-ecological systems in fire-prone landscapes, managers and stakeholders have developed tools and approaches to mitigate losses of values in fire-prone landscapes. These include policies, programs, and institutions that promote wildfire awareness and protection and provide resources for fire hazard reduction, wildfire suppression, and restoration. Federal land management agencies, of course, dedicate large portions of their budgets to wildfire suppression and, to lesser extents, fuel reduction and restoration. Federal agencies also provide funds to state agencies for wildfire suppression and fuel reduction. Federal and state agencies make technical and financial assistance available to landowners and communities at the WUI through programs such as the National Fire Plan's Community Assistance Grant Program and the U.S. Department of Agriculture's Forest Stewardship Program and Environmental Quality Incentive Program (Steelman et al. 2004 ).
Improving resilience and adaptation requires more than the provision of information and resources to enable land and wildfire management. Social networks and formal and informal institutions that foster communication, problem solving, and collective action also are important to promoting resilience and adaptive capacity (Adger 2000 , 2003 , Pelling and High 2005 , Janssen et al. 2006 . Diverse multi-scalar networks of stakeholders working together to redefine problems and forge mutually acceptable solutions may facilitate adaptation. Such networks may promote mechanisms for restoring forest conditions so they are less prone to uncharacteristically destructive wildfire. They also enable coordination of management strategies across social and political boundaries at the scale of many ecological processes.
Some policies, programs, and institutions address resilience and adaptive capacity by creating networks that foster learning, the development of trust, and coordination of management actions. For example, the National Cohesive Wildland Fire Management Strategy engages stakeholders in the coordination of wildfire management across administrative boundaries. The Collaborative Forest Landscape Restoration Program provides funding to local collaborative groups to plan science-based, economically viable fuel reduction and ecological restoration activities on select national forest lands. The Healthy Forest Restoration Act requires that communities receiving fuel reduction funds develop a Community Wildfire Protection Plan. That plan creates a process that convenes residents, property owners, and local, state, and federal agencies to develop strategies for addressing hazardous http://www.ecologyandsociety.org/vol19/iss3/art9/ fuel in the WUI Burke 2007, Everett and Fuller 2011) . The process of developing community wildfire protection plans and other community wildfire plans (e.g., through Fire Safe Councils in California) has led to many benefits beyond those associated with fuel reduction, including strengthening social networks and building community capacity (Jakes et al. 2007 , Everett and Fuller 2011 , Steelman and McCaffrey 2013 . Most notably, Fire Learning Networks are regional groups that bring together public agencies, tribes, and municipal governments to plan and coordinate fuel reduction and forest restoration activities across ownerships (Butler and Goldstein 2010) .
A FIRE-PRONE LANDSCAPE CASE STUDY
Progress in the theory and application of CHANS concepts will come through development of examples and cross-system synthesis (Liu et al. 2007 , Alberti et al. 2011 . To reach this goal, critical components and interactions must first be identified for particular landscapes. We use an example from a study in central and south-central Oregon (the Forest People Fire project) to illustrate concepts of aggregate complexity, heterogeneity, feedbacks, and external drivers. We use this example to illustrate how CHANS concepts could be applied in developing conceptual and simulation models for the purpose of improving adaptation in fire-prone landscapes.
Heterogeneity in the ecological and social landscape
The landscape is characterized by ecological heterogeneity in the form of mountainous topography and steep environmental gradients running from cool, wet, subalpine forests to moist, dry, mixed conifer and pine forests to semi-arid juniper woodlands (Fig. 1 ). These forest types have different pre-Euro-American fire regimes (Agee 1993 ) and varying effects of degree of fire exclusion.
Forest ownership patterns are also heterogeneous, but are dominated by federal lands (Fig. 2) . Land ownership objectives range from providing wilderness experiences and producing timber to residential homesteads (Table 1) . This intermingled and contrasting ecological and socioeconomic landscape increases the likelihood that management actions and wildfire behavior on one ownership will affect ecosystems and human values on other ownerships. For example, wildfires originating in wilderness landscapes have burned old-growth and spotted owl habitat areas at lower elevations and spread into private lands (Spies et al. 2006 ; Fig. 3 ).
Historical land-use activities have left a strong imprint on the vegetation and fire regimes. Euro-American activities, which began in the mid-1880s, included grazing, logging, and road building, and disruption and degradation of Native American cultures (Brogan 1940 , Robbins 1997 . The decline of Native American cultures would also have reduced fire ignitions, though natural ignitions from lightning are common in this region. Although European settlement would have increased fire ignitions in some areas, the amount and frequency of fire in the landscape strongly declined after 1880 (Hessburg and Agee 2003) . Studies of existing older pine and mixed conifer patches indicate that the density of shade-tolerant understory trees (e.g., grand fir [Abies grandis] and Douglas-fir [Pseudotsuga menziesii] in some cases) has increased several fold, and the presence of large, old, shade-intolerant pines has been reduced by as much as 70% as result of partial cutting (Merschel et al. 2014) . Increased forest density and homogeneity increases the likelihood of large, highseverity fire and thereby reduces the capacity of the forest to recover from fire.
Feedbacks and actor learning
Learning about fire in this environment can be challenging for forestland owners, homeowners in the WUI, federal managers, and the public. For example, for the five-year period ending in 2011, we estimate that only 0.4% of nonindustrial forestland owners in the study area experienced a wildfire on or adjacent to their tax lot based on Monitoring Trends in Burn Severity (MTBS: http://www.mtbs.gov/index.html). In a different study, a greater percentage (33%) of private nonindustrial forestland owners in our study area reported having experienced a fire on their parcel in recent years (Fischer 2011) . The difference between these analyses could result from the surveyed owners considering both planned and unplanned fires or failure to detect small fires (approximately < 8 ha in our study area) in the MTBS data. Regardless, with low frequency of fire experience, relatively few people have direct knowledge of how well any fuel treatments or Firewise activities achieve the goal of reducing loss to wildfire. Despite infrequent personal experience with fire, a greater percentage (between 40% [unpublished data] and 66% [Fischer 2011 ]) of nonindustrial forestland owners in our study area reported having undertaken thinning activities to reduce fuel loading. The basis of that decision probably has come from knowledge of fires in the region and from institutions that communicate about risk.
Learning is also made difficult by the varied fire outcomes and differing values of landowners and stakeholders. For example, the ecological consequences of recent fires can be good, bad, or neutral depending on the values that people have; they are not an absolute . Outcomes that would be considered good by many people include fires that reduce surface and understory fuels, reducing the future chance of high-severity fire, and fires that burn as a fine-grained mosaic of high-severity and low-severity fire, creating habitat for a diverse set of species, including early successional plants, insects, and animals such as high-profile game species like elk (Cervus canadensis roosevelti; Fig. 3C,D) . Conversely, undersirable outcomes, which are often associated with high-severity fires, frequently include the loss of homes, such as the 1990 Awbrey Hall fire near Bend that destroyed 
External drivers
Key external drivers in this landscape include housing growth, changing timber markets, demographic shifts, and climate change (Fig. 4) . In Deschutes County, the fastest growing county in the study area, total real estate value more than tripled between 2000 and 2008, just before the housing market crash (Economic Development for Central Oregon 2009). During the same period, nominal prices for delivered mid-size ponderosa pine logs declined by > 25% (Oregon Department of Forestry 2012). The cities of Bend and Sisters in Deschutes County have experienced rapid growth and development, largely based on real estate and recreation, which are a function of both internal and external drivers. Other communities such as Lakeview and Klamath Falls have experienced more limited population growth and still look to forest-related sectors to support the economy. The forest sector contributes > 25% of the economic base in the southern part of the study area of Klamath and Lake Counties (Oregon Forest Resources Institute 2012) . Future trends are likely to continue along these two divergent paths (amenity centric vs. resource production) if, for example, biomass-based economies or restoration-based forest management expands. Or, they might converge if recreation-based economies expand in the south of the study region. Climate, another external driver, is expected to increase wildfire frequency in the region (Littell et al. 2010 ) and increase the number of outbreaks of insects such as the pine beetle, which have variable effects on fuel conditions and potential fire behavior (Hicke et al. 2012 ).
Factors promoting adaptation and resilience
The study area seemingly is rich in institutions, social networks, and landscape collaboratives that focus on forest and fire management issues at a variety of scales (Table 2 ). For example, the Lakeview Stewardship Group facilitates interaction among environmentalists, forest industry, and federal managers to reduce wildfire risk, restore forest structure and composition, and provide timber to local mills. These institutions and others are part of a large, loosely quantified social network that influences land management and landscape change. It is not clear how they interact and affect landscape outcomes when goals might appear to conflict, such as protecting homes from wildfire and promoting wildfire as a natural process that improves ecosystem functions. Social networks might play a role in explaining landowner inclination to conduct vegetation management. Initial research results support the notion of a positive relationship between fuel treatment efforts and connections with conservation and fire organizations (Fischer et al. 2014 ).
Risk management is another adaptation strategy that uses assessment, mitigation actions, and wildfire suppression activities to reduce the loss of structures and economic and ecological values of forests to wildfire. The Central Oregon Fire Management Service coordinates many of the activities in the project area. At the state level, the Oregon Wildland Fire Protection Program has primary responsibility for wildfire prevention, including risk assessment and wildfire suppression, on private and state forest lands. This mix of landowners and institutions with responsibility for fire risk management creates a complex set of actors with different perspectives on a landscape where fires regularly cross administrative and ecological boundaries. Our social network analysis indicates that the 2009; Interior, Environment, and Related Agencies Appropriations Act, 2010, Title V) . Risk assessment and visualization tools such as Envision will be needed to facilitate these collaborative efforts at landscape scales.
Toward an agent-based model
Simulation models are increasingly used to further the understanding of social-ecological systems and to support decision-making processes. We now outline the design and elements of the agent-based model we are building for our system. We do not yet have model results, but we have learned much in the design and building phase, which includes developing a conceptual model (Fig. 4) , gathering empirical information, and conducting component studies to parameterize the main model. Agent-based simulations are especially attractive in this context because of their intuitive structure based on the analogy between agents and the active elements in the original system (Klügl 2008 ). Our simulation model is based on the agent-based Envision framework that was designed for the development and analysis of spatially explicit landscape change simulations (Bolte et al. 2007 ).
Envision uses a "pluggable" architecture that allows the incorporation of other types of models that span ecological, economic, or socio-cultural dimensions. Envision provides a predefined architecture incorporating actors, spatially explicit landscape representations, decision rules, autonomous change processes, landscape production models, and landscape feedbacks. Human behaviors related to land management decision-making are characterized in Envision through the threeway interactions of actors, landscape production, and decisionmaking (Fig. 4) .
Actors are land managers ( Table 1 ) that alter the landscape by making decisions about the management of particular areas for which they have management authority. Each of these actors holds different beliefs and values toward the landscape that are represented in the decision-making process. Actors differ in the importance they place on certain landscape products (e.g., timber production, biodiversity, and aesthetics). Moreover, they circulate in different social networks that have the potential to influence their beliefs, values, and landscape objectives, as well as knowledge and perception of wildfire risk ). The landscape is implemented as a set of spatial units (polygons) based on tax lots and initial vegetation structure and composition. The units range in size from approximately 1-8 ha and average approximately 3 ha.
"Autonomous" processes are landscape change sub-models that operate alongside human decision-making. Our sub-models include housing expansion, vegetation succession, and occurrence and severity of wildfires. The implementation of vegetation succession, i.e., changes in vegetation composition and structure under different management and disturbance regimes, follows a state-and-transition approach based on expert opinion from local federal ecologists. The simulation of potential wildfire behavior characteristics such as spread rate or flame length is based on the FlamMap model using a Minimum Travel Time approach (Finney 2006 ). The models for housing expansion and associated WUI growth, vegetation succession, and wildfire are hardcoupled and exchange data dynamically within each simulation step. Climate change, an external driver in our model, is evaluated by inputting different weather streams into the fire module and altering fire behavior.
Landscape production models use metrics to quantify a specific type of system production (e.g., timber production or biodiversity) and provide information that can be fed back into actor decision rule selection and decision-making (Fig. 4) . Characterizing emergent scarcity or fire risk to valued system products is an important aspect of Envision. Such scarcity in system production (e.g., declining biodiversity or increasing exposure of homes to fire) is one factor that may influence actor decision-making or social network behavior. Envision allows researchers to define which system products are important for the system under study.
Agent-based models use a variety of methods to simulate human decisions (An 2012) . Our model implements two different approaches to actor decision-making. In the target-based approach, actors are attempting to achieve volume production or treatment area targets for actions (e.g., timber harvest) across the landscape for which they have control. Targets are reached by selecting landscape units for treatment based on a ranking subject to pre-defined constraints or preferences. Constraints identify where on the landscape specific actions are disallowed (e.g., mechanical harvesting disallowed within Wilderness areas). Preferences are used to identify spatial units that possess characteristics that are preferred for treatment (e.g., located in proximity to other treated units). Targets, constraints, and preferences used in the target-based approach are identified through landowner interviews and reviews of planning documents. In the utility-maximization approach, statistical models of management behavior are developed based on surveys of landowner management actions. The regression models enable anticipation of landowner management actions (e.g., thinning or reducing flammability of a home and its lot) as a function of landscape, demographic, socioeconomic, and social network variables.
These two different approaches to modeling actor decisionmaking are compatible but have different strengths and weaknesses. Utility maximization is a fundamental theory in microeconomics, and our utility-maximization approach is based on empirical data, hypothesis testing, and revealed behavior but may not capture potential future behavioral relationships under changing landscape conditions. The target-based approach largely is based on information from general knowledge of actor groups and can be a useful alternative when actual data describing actor behavior is limited or when the number of actors is fairly small such as in the case of federal landowners. However, the target-based approach (including constraints and preferences) is more abstract and less based on socioeconomic theory and is reliant on expert judgment rather than tested hypotheses. In both cases, calibration and validation of decision rules and outcomes are difficult, requiring the use of multiple methods (Heckbert et al. 2010) , several of which we employ (e.g., surveys, interviews, and historical data). To mitigate the validation problem, we will http://www.ecologyandsociety.org/vol19/iss3/art9/ complete outreach efforts with stakeholders to gauge the validity of our results; we will also evaluate how sensitive model outputs are through sensitivity analysis.
We are also investigating how we can incorporate social networks into the Envision model and actor decision-making. This goal is particularly challenging, and we are beginning by characterizing the structure and composition of networks in the region (Table 2 ) and then building a theoretical network model that will serve as a template for a simulation sub-model within Envision .
Interactions with stakeholders and research outcomes
Feedbacks and learning in our project come at several levels. The first of these comes within the Envision model as described above. The second opportunity arises when we use the model to interact with stakeholders and learn from them about their value systems and decision-making. Finally, feedback gathering and learning comes as the model is used in collaborative settings to facilitate dialog about increasing adaptation and resilience in this fire-prone landscape. Thus, our study is as much a scientific exploration of the behavior of social-ecological systems as a study of research-management-public collaboration and an application of landscape visualization tools in forest planning and management (Castella 2009 , Hulse et al. 2009 ). In the latter use, we have been meeting with various stakeholder groups to help us understand the social-ecological issues they are concerned about and to identify possible scenarios that we could represent in Envision. Issues of concern that have been identified include: (1) potential for a biomass economy to subsidize fuel treatments and restoration, (2) developing and implementing strategies that create more resilient forests in the face of fire and climate change, (3) effects of mill capacity on ability to undertake forest management activities, and (4) effects of government policies (e.g., amount of restoration, emphasis on fuel treatments in the WUI vs. wildlands) on landscape outcomes and ecosystem services. These issues will then be used to develop and explore alternative futures. We expect that our conceptual and simulation models will help identify the most important interactions out of many possible ones, leading to improved understanding of the structure and behavior of these systems not only in research but also in the minds of stakeholders, who need concepts and tools to help them visualize how their individual and collective actions affect ecological and social outcomes across spatial and temporal scales. Ultimately, this could lead to improved polices and management practices that take into account ecological and social landscapes (http://fpf.forestry.oregonstate.edu/home).
CONCLUSIONS
A CHANS perspective reveals challenges and opportunities for developing adaptive social-ecological systems in fire-prone landscapes. Major challenges include heterogeneity in wildfire behavior and effects, human behavior and values, spatial and temporal lags in wildfire effects, weak landscape feedbacks to humans, and external drivers. The complexities of fire-prone landscapes can create a difficult learning environment for individuals because of lack of personal experience with fire and variable fire effects. Many of these challenges are common to all natural hazard environments. The aggregate complexity that arises from heterogeneity and variable feedbacks between ecosystems and human systems can lead to maladaptive behavior and unintended consequences of fire policies. Social networks and landscape visualization tools that foster communication and learning may help promote more adaptive behavior and policies.
Our conceptual model for a fire-prone landscape in Oregon includes a robust characterization of the social dimensions of the system and identifies key feedbacks that connect the ecological and social subsystems. The model is being used to improve our understanding of the structure of this social-ecological system and to design an agent-based model that can be used to examine interactions and alternative scenarios. Ideally, understanding and modeling this CHANS will enable managers and policy-makers to develop more effective strategies for achieving adaptive socialecological systems in fire-prone landscapes.
Responses to this article can be read online at: http://www.ecologyandsociety.org/issues/responses. php/6584
